ABTSRACT
Acute myocarditis can be caused by a variety of organisms. Congestive heart failure and death may occur as a consequence of these infections. In recent years cardiac imaging, by echocardiography and magnetic resonance and nuclear imaging has become a useful adjunct in the diagnosis and management of infectious myocarditis. Specific examples of their usefullness will be given in the discussions of chagasic myocarditis, bacterial myocarditis, acquired immunodeficiency syndrome and peripartum cardiomyopathy. Finally, we explore the exciting area of cardiac imaging of small animals, such as mice infected with Trypanosoma cruzi.
INTRODUCTION
Acute myocarditis is an important cause of sudden death and congestive heart failure in children and young adults. Over the last decade, significant advances have been made in diagnosis and management of acute myocarditis, greatly assisted by the development of imaging techniques used in the clinical disease. Thus, echocardiography, magnetic resonance imaging, and nuclear scintigraphic imaging techniques have been used successfully to assess cardiovascular function during acute infection, obtain valuable prognostic information, determine the course of the disease, and evaluate the cardiovascular complications of clinical acute myocarditis.
In addition, new imaging techniques, such as tissue characterization by ultrasound or magnetic resonance imaging may soon provide complementary information to that obtained by histologic evaluation of myocardial samples obtained by endomyocardial biopsy. Other techniques such as tissue Doppler or strain rate echocardiography have not been systematically used in evaluation of patients with acute myocarditis and have the potential to offer means of monitoring progression of the disease and its response to treatment.
Serial noninvasive cardiac evaluation, particularly with the use of echocardiography or magnetic resonance imaging, has been instrumental in understanding the pathophysiologic mechanisms involved in acute myocarditis when applied to a multitude of experimental models of the disease. These imaging techniques have been used to assess the time course and progression of cardiac abnormalities in intact animals as well as determine the significance of the genetic background, age, gender, and immunologic status of the host in response to myocardial infection.
The aim of this report is to provide a brief overview of the use of noninvasive cardiac imaging techniques in the assessment of clinical and experimental acute myocarditis. Echocardiographic features of acute infectious myocarditis are variable and often differ depending on the causative agent and on the timing of evaluation in relation to the disease onset. Early in the course of the disease, echocardiography may show minimal structural cardiac abnormalities as myocyte necrosis and inflammation commonly begins in the epicardial region ( Figure 1 ). As myocarditis progresses towards the endocardium, reversible or irreversible, diffuse or regional left and/or right ventricular dysfunction are often seen on echocardiography. Later during the disease, features of dilated cardiomyopathy are seen, characterized by enlarged cardiac chambers and impaired systolic and diastolic function of the left and right ventricles (Figure 2 ).
In an early report, a consecutive series of 68 patients diagnosed with acute infectious myocarditis based on clinical presentation, were evaluated by M-mode echocardiography to identify the relationship between alterations of cardiac function and clinical severity of myocarditis (1) . Patients were classified as having mild myocarditis when only electrocardiographic abnormalities were present, moderate myocarditis when clinical findings consistent with left ventricular dysfunction were present and severe myocarditis when presentation was associated with clinically severe congestive heart failure. In this series, marked left ventricular and left atrial chamber dilation and significant reduction in left ventricular shortening fraction and ejection fraction was seen only in patients with severe myocarditis. However, localized left ventricular wall motion abnormalities were reported in all patients and the extent of regional dysfunction (number of asynergic segments) correlated with the severity of the clinical presentation. In the absence of diffuse left ventricular dysfunction, regional asynergy more frequently involved the inferior (18/68 (26%)) and anterior (12/68(18%)) myocardial regions and less often the posterolateral region (6/68 (9%)). Patients with mild myocarditis were commonly found to have hyperkinesis of uninvolved left ventricular regions (37/40 (92%)), a finding less frequently present in those with moderate myocarditis (14/21 (67%) patients) and not found in patients with severe myocarditis. Pericardial effusion was found in 10% of patients in this report and did not correlate with the severity of the clinical presentation.
In another series, 41 patients with histologically established myocarditis were evaluated by M-mode and two-dimensional echocardiography (2) . In this report, 50% of patients had increased left ventricular end-diastolic diameter and reduced systolic function as assessed by fractional shortening, 1 patient had a dilated left ventricle with preserved systolic function and 14 (36%) patients had normal left ventricular size and systolic function. Segmental wall motion abnormalities were observed in 25 (64%) patients and included regional hypokinesis, akinesis, dykinesis, or aneurysm. Increased right ventricular enddiastolic area was observed in 8 (20%) patients of whom 3 had reduced systolic function. In another 5 patients, right ventricular systolic function was diminished despite normal chamber sizes. Mild increases in left ventricular wall thickness (>11mm) was seen in 6 patients and was diffuse in 2 and localized to the papillary muscles in the remaining 4 patients. In 2 patients presenting initially with normal left ventricular wall thickness, follow-up echocardiographic evaluations at the time of clinical improvement demonstrated transiently increased wall thickness that resolved in the subsequent months. Ventricular thrombi were not infrequent in this series (15 % of patients) and were most often detected in the left ventricle, but were also found in both ventricles simultaneously or in the right ventricle alone in some patients. Altered myocardial texture characterized by generally small areas of increased reflectivity, were observed in 9 patients (23%). These areas were most often localized to the ventricular septum or the papillary muscles. Additional findings noted in this report included abnormalities of left ventricular diastolic filling (n=8 (20%)) that were visually characterized as an initial rapid filling with subsequent abrupt cessation ("restrictive physiology"). In 3 of these patients, a restrictive pattern of left ventricular diastolic filling (dip and plateau pattern on pressure tracings) was demonstrated by catheterization.
In a more recent report (3) , echocardiographic findings at baseline and at 6 months following the presentation were evaluated in two groups of patients with either fulminant (n=11) or acute (n=43) myocarditis. Fulminant myocarditis was defined as sudden onset of severe hemodynamic compromise and marked myocardial inflammation as opposed to the less severe hemodynamic abnormality, indistinct onset of symptoms and more variable degree of myocardial inflammation in those with acute myocarditis. Both groups of patients were noted to have severely depressed left ventricular systolic function of similar magnitude at baseline. However, those with fulminant myocarditis had less significant left ventricular dilation (end-diastolic diameters 5.3±0.9-vs-6.1±0.8 cm) and greater septal wall thickness (1.2±0.2-vs-1.0±0.8 cm). At the 6-month follow-up, significant improvement in left ventricular systolic function was noted in patients with fulminant and not in those with acute myocarditis. Left ventricular diastolic diameter did not significantly change over time in the two groups, although there was a trend towards a reduction in left ventricular septal thickness in those with fulminant myocarditis. Other investigators have also reported transient increases in left ventricular wall thickness during acute infectious myocarditis (4) . This may affect the left ventricular wall in a homogeneous or a regional manner and is thought to represent myocardial edema in areas of intense inflammation. It is also shown that failure of improvement in left ventricular ejection fraction in the first 6 months following presentation is associated with a high likelihood (59%) of death (5) . Thus, certain echocardiographic findings on presentation, and serial evaluation during convalescence, may provide useful prognostic markers in patients with myocarditis.
The echocardiographic findings in infectious myocarditis may be nonspecific and at times may mimic other causes of left ventricular dysfunction including idiopathic dilated cardiomyopathy, non-infectious myocarditis or ischemic heart disease. In fact, in some patients with acute infectious myocarditis, the echocardiographic, clinical and electrocardiographic findings are indistinguishable from those of acute myocardial infarction (6) . In addition, left ventricular wall motion abnormalities found on echocardiography in patients with acute myocarditis can be transient and may resolve rapidly or within several months (1, 6, 7) . The findings emphasize the fact that the echocardiographic abnormalities suggestive of acute myocarditis must be interpreted in the context of the entire clinical presentation. Transient left ventricular apical dyskinesis with associated apical thrombus formation and subsequent systemic embolization has been reported in acute myocarditis (8). As mentioned above, left ventricular apical thrombus may be present in as many as 15% of patients with acute myocarditis studied by echocardiography (2).
Newer echocardiographic techniques including ultrasonic tissue characterization and Doppler measures of diastolic function are being increasingly used in the evaluation of myocarditis (9) and may provide further diagnostic and prognostic parameters. Ultrasonic tissue characterization relates the intensity of the backscattered myocardial signal to tissue composition especially the collagen content. Thus, patients with persistent or healed myocarditis demonstrate an increased intensity of the backscattered myocardial ultrasonic signal compared with normal individuals (10) . However, in its present form, this technique is unable to differentiate myocarditis from other causes of myocardial edema or fibrosis.
Magnetic resonance imaging
Experience with magnetic resonance imaging in acute myocarditis is limited. However, this technique has the potential to aid in the diagnosis of acute myocarditis. Early in the course of the disease, the myocardium produces high signal intensity on the T2-weighted sequences by magnetic resonance imaging due to the presence of edema (11) . In a preliminary study, myocardial edema was identified by magnetic resonance imaging in regions of hypokinesis or akinesis (on echocardiography) in 2 patients with acute myocarditis (12) . This finding resolved on repeat magnetic resonance imaging after recovery of left ventricular function in both patients. In another study of 11 children with suspected myocarditis, tissue characterization by magnetic resonance imaging in the myocardial region of interest was predictive of histologic findings of myocarditis (13) . It is also suggested that acute myocarditis may be associated with an initially focal, followed by a global, increased myocardial signal enhancement following injection of contrast (gadolinium) during gated magnetic resonance imaging (14).
Nuclear imaging
Gallium-67 cardiac scintigraphic imaging has been used as a screening tool to identify patients with inflammatory myocardial disease (15) . O'Connell et al (16) examined the applicability of gallium-67 myocardial imaging in 68 patients with dilated cardiomyopathy. Only 1 of 57 patients with a negative gallium-67 scan showed evidence of myocarditis by endomyocardial biopsy (negative predictive value 98%). On the other hand, only 5 of 14 patients with a positive gallium-67 scan showed biopsy evidence of acute myocarditis (positive predictive value 36%). Authors noted that mediastinal uptake of the tracer may obscure cardiac uptake and lead to a false negative study in an occasional patient. Follow up scans in patients with biopsy-proven myocarditis closely related to the findings at histology. It was concluded that gallium-67 myocardial scintigraphic imaging is a useful screening tool for myocarditis and may obviate the need for repeat endomyocardial biopsies in the assessment of the response to therapy in those with histologic evidence of the disease. Because substantial expertise is required for proper acquisition and interpretation of these scans, few centers continue to perform gallium-67 myocardial scans in large enough numbers. The introduction of single photon emission computed tomography has improved the differentiation of myocardial from pericardial uptake of gallium-67 compared with planar images alone (17) . It should be noted that gallium-67 acts as a ferric ion analog and is bound to transferrin, lactoferrin and other plasma proteins. The exact reason for the accumulation of the tracer at sites of infection and inflammation is not well understood and is likely complex.
Indium-111
antimyosin antibodies bind specifically to exposed heavy chain myosin in damaged myocardial cells, thereby allowing noninvasive diagnosis of myocardial necrosis (18) and providing a means to monitor ongoing necrotic cell loss in myocarditis (19) . Typical anti-myosin antibody scan shows a diffuse, faint and heterogeneous uptake in acute myocarditis, as opposed to the intense, localized uptake of the antibody in acute myocardial infarction. A normal anti-myosin antibody scan essentially excludes acute myocarditis and acute myocardial infarction (18) . The negative predictive value of indium-labeled antimyosin antibody scanning probably exceeds that of gallium-67 imaging, although it has varied based on the gold standard used for comparison. Dec et al (20) demonstrated a sensitivity of 83%, specificity of 53%, and a negative predictive value of 92% for anti-myosin antibody scanning, compared with endomyocardial biopsy, in a series of 82 patients. The presence of a positive scan on presentation was also highly predictive of improvement in left ventricular systolic function within 6 months in this group of patients. It is predicted that when this type of myocardial imaging becomes commercially available, it would provide a sensitive screening tool for exclusion of myocardial necrosis. The specificity of this test, however, will remain low because the high affinity of the tracer for necrotic myocytes would lead to a positive scan in any condition associated with myocardial necrosis (21) (22) (23) (24) .
More widely available nuclear imaging techniques, such as radionuclide ventricular angiography using technetium-99 tagged red blood cells, have also been used for the evaluation of patients with acute myocarditis. Quigley et al (25) studied 23 patients with biopsy-proven acute myocarditis at baseline and 6-8 months after their initial presentation. Mean baseline left ventricular ejection fraction was 31±4% and was reduced in 81% (n=19) of patients. On follow up, left ventricular ejection fraction normalized in 9 and remained depressed in 8 patients. Those patients with normal left ventricular ejection fraction ant 6-8 moth follow-up, all remained clinically normal at long-term follow-up. This was in contrast to the outcome of those patients with reduced left ventricular ejection fraction at 6-8 months of whom 2 died and 3 continued to have persistent left ventricular dilation and systolic dysfunction. In a subset of 13 patients, radionuclide left ventricular ejection fraction was measured at rest and following exercise at long term follow-up. This evaluation demonstrated an abnormal exercise left ventricular ejection fraction response in most cases including 7/9 patients with normal resting ejection fraction. This finding indicates that left ventricular functional reserve may remain impaired long after a bout of acute myocarditis despite apparent normal resting function.
CHAGASIC MYOCARDITIS AND CARDIOMYOPATHY
Echocardiography has evolved as an important modality in evaluating the cardiac status of patients with chagasic heart disease. During the earliest phase of an acute infection, two-dimensional and Doppler echocardiography may be normal. However, highly sensitive methods such as tissue Doppler imaging may reveal subtle abnormalities of the right ventricular systolic and diastolic function (26) . Later during the acute infection, echocardiography reveals abnormal segmental left ventricular wall motion, most commonly in the anterior and/or apical regions (27) . The overall left ventricular size and ejection fraction is typically normal. Fatal acute myocarditis may occur in a minority (5-10%) of patients. The acute phase may be followed by a long indeterminate phase during which electrocardiographic or radiological abnormalities may not be detectable. A substantial number of these individuals (10-30%) will eventually evolve into the serious and potentially fatal chronic phase of the disease.
Early echocardiographic studies focused on evaluating patients with symptomatic advanced chagasic heart disease (28) . The most typical finding in such individuals is an apical left ventricular aneurysm with or without thrombus, and/or basal inferoposterior hypokinesis or akinesis with preserved contractile function in the ventricular septum (28) . The left atrium is often enlarged and the left ventricle is dilated with reduced systolic function. In cases of advanced cardiomyopathy with congestive heart failure, biventricular dilation occurs without increased wall thickness (eccentric hypertrophy). The segmental and global left ventricular dysfunction occurs in the absence of epicardial coronary artery disease. Although a number of studies have demonstrated an overall good prognosis for patients in the indeterminate phase of chagasic heart disease, in at least one area 2 to 5% of patients progress annually into the chronic phase and some patients may die suddenly (28) . Therefore, identification of occult cardiac dysfunction may be of clinical significance for risk stratification. Cardiac abnormalities have been demonstrated in autopsy specimens or by endomyocardial biopsy in those with no apparent cardiomyopathy on noninvasive testing. Pathological findings have included carditis, focal inflammatory infiltration, myocytolysis and altered interstitial collagen matrix.
Cardiac structural and functional alterations are detectable in some patients in the indeterminate phase of chagasic heart disease, when sensitive methods of assessment are used such as treadmill exercise testing, high resolution and dynamic electrocardiography, noninvasive autonomic nervous system evaluation, radioisotope ventriculography and echocardiography. The goal of such studies is to identify prospectively Trypanosoma cruziinfected persons who are at an increased risk of sudden death or progression to the chronic symptomatic phase. Abnormalities of left ventricular contraction and relaxation have been demonstrated on simultaneous phonocardiography, apexcardiography and echocardiography in asymptomatic patients with positive serology, without evidence of cardiac disease. Employing pulsed-wave and tissue Doppler imaging techniques, a recent study identified an abnormally prolonged isovolumic relaxation time and deceleration time of the early transmitral flow (29) . In addition, the isovolumic contraction time was prolonged in the ventricular septal myocardium. These observations indicate that subtle abnormalities of both diastolic and systolic left ventricular function are present in the indeterminate phase.
Further support for the presence of occult left ventricular dysfunction has been presented by a study using dobutamine stress echocardiography to evaluate contractile reserve in patients with and without resting wall motion abnormality (30) . Neither group of patients reached target heart rate during dobutamine infusion, a finding indicative of chronotropic incompetence. In addition, both groups of patients exhibited a blunted contractile response to inotropic stimulation. Thus, compared with a normal value of 67%, the fractional left ventricular area change was only 50% in those with normal and 30% in those with abnormal resting wall motion. A biphasic segmental wall motion, defined as an initial improvement followed by deterioration at higher doses of dobutamine, was only seen in individuals with abnormal left ventricular wall motion at baseline (30) . The latter was most commonly seen in the mid-posterior or posteroinferior left ventricular regions. All patients had normal epicardial coronary arteries by angiography. This may reflect abnormalities in coronary flow reserve due to microcirculatory dysfunction. In fact, impaired endothelialdependent coronary vasodilation has been demonstrated in those with normal coronary arteries on angiography. Myocardial perfusion defects have been shown by thallium-201 scintigraphy in individuals with Chagas disease without apparent cardiac involvement. These perfusion abnormalities closely parallel those of (I-123)-meta-iodobenzoguanidine (MIBG) scintigraphic findings used for evaluation of cardiac sympathetic innervation (31) . Regional myocardial ischemia, or inflammation, or both, may be responsible for these scintigraphic abnormalities.
Prognostic information has been provided by echocardiography in patients with established chagasic heart disease. In this regard, both left ventricular size and systolic function have been found to predict short-term prognosis. The prognosis of cardiomyopathy has also been found to be worse than that for other etiologies of left ventricular systolic dysfunction. This is attributed to the presence of an apical aneurysm that alters the normal prolate-ellipsoid shape of the left ventricle and has a potential for producing arrhythmias, thromboembolic events, or congestive heart failure (32). More recently, cardiac magnetic resonance imaging has been used in the evaluation of patients with chagasic heart disease and may prove to be a useful adjunct (33) . Myocardial inflammation can also be detected by means of gallium-67 myocardial scintigraphy and tissue characterization using magnetic resonance imaging with contrast.
BACTERIAL MYOCARDITIS
The common causative agents of bacterial myocarditis are listed in Table 1 . The hallmark of myocardial infections caused by these microorganisms is the development of microabscesses (Figure 3) . The infection is spread to the myocardium during septicemia, coronary embolism of infected valvular vegetations from infective endocarditis (34, 35) , or from an adjacent focus of infection such as pneumonia, purulent pericarditis (36) and native or prosthetic heart valve endocarditis (37) (Figure 4) . When myocardial abscess complicates native valve endocarditis, the causative organism is often staphylococcus and the valve involved is the aortic. Endocarditis of a heavily calcified aortic valve is more likely to spread to the perivalvular tissue.
Bacteremia during the early phase of an acute myocardial infarction may also result in infection and abscess formation within the necrotic myocardium (38, 39) . Transmural involvement of the left ventricular wall by myocardial abscess may result in free wall rupture (35) or to formation of a pseudoaneurysm (36) . In the past, most myocardial abscesses were identified at necropsy. However, antemortem detection of myocardial abscess is increasingly made with the use of noninvasive imaging techniques including transthoracic (40) and transesophageal echocardiography, magnetic resonance imaging (41), computerized tomography, and indium-111 labeled white blood cell imaging (42) . To perform the latter, roughly 60 milliliters of venous blood is drawn from the patient and mixed with an anticoagulant solution. The white blood cells are separated and labeled with the radioactive isotope, centrifuged, resuspended in isotonic sodium chloride solution, and reinjected into the patient. The injected radioactive leukocytes will then accumulate in the areas of inflammation or abscess. Images are obtained with a gamma-ray camera within 18-24 hours.
ACQUIRED IMMUNODEFICIENCY SYNDROME
Infection with human immunodeficiency virus and the resultant immunodeficiency syndrome is associated with a number of cardiac complications including myocarditis. The latter is often clinically silent and is identified by echocardiography in otherwise asymptomatic patients (43, 44) or at necropsy as focal nonspecific lymphocytic infiltration (45) . A specific etiology for myocarditis is not often found, although a small percentage may be caused by opportunistic pathogens such as Toxoplasma gondii, Myocobacteruim tuberculosis, Cryptococcus neoformis, other fungi, or viruses. Other etiologies of left ventricular dysfunction include use of illicit drugs, cardiotoxic side effects of pharmacologic agents, neoplastic infiltration of the heart. Regardless of the underlying etiology, left ventricular dysfunction in patients with acquired immunodeficiency syndrome is characterized by cardiomegaly on chest roentgenogram and increased left ventricular dimensions and reduced ejection fraction by echocardiography. Associated functional mitral regurgitation, pulmonary hypertension and pericardial effusion are often detected by echocardiography. A direct relationship has been observed between left ventricular dysfunction and severity of immunodeficiency as measured by the CD4 count (46) . Patients with irreversible left ventricular dysfunction have a mean survival of 101 days as a result of complications of heart failure or the underlying advanced immunodeficiency (47).
PERIPARTUM CARDIOMYOPATHY
Heart failure develops in the last months of pregnancy or within 5 months of delivery in about 1 in every 3,000 live births in the United States (48). This accounts for 1,500 new instances of peripartum cardiomyopathy each year (49) . In such patients, by definition, an identifiable cause for the heart failure is absent and patients have no recognizable prior heart disease (50). Peripartum cardiomyopathy likely has multiple etiologies. However, in a certain percentage of patients the disease is caused by viral myocarditis, either as a primary infection or as an activation of a previous subclinical infection due to relative immunologic suppression of pregnancy (16, 51) . Peripartum cardiomyopathy presents clinically with the symptoms and signs of congestive heart failure and may be complicated by ventricular arrhythmias, systemic embolism, atrioventricular valve regurgitation and pulmonary hypertension.
Echocardiography is the standard diagnostic test for peripartum cardiomyopathy. Findings include increased left ventricular diastolic dimension and decreased ejection fraction. Left atrial enlargement and mitral regurgitation are frequently seen. In addition to diagnosis, echocardiography can be used to exclude other cardiovascular causes of heart failure in the pregnant women, screen family members to exclude a genetic predisposition to cardiomyopathy, monitor response to therapy (52) , or evaluate postpartum recovery of left ventricular function (53) (54) (55) (56) . Echocardiography has demonstrated complete postpartum recovery of left ventricular function in 15% to 50% of women with peripartum cardiomyopathy. However, despite complete recovery of resting function, left ventricles of patients with peripartum cardiomyopathy may suboptimally respond to inotropic challenge during dobutamine stress echocardiography (57) . This may explain the continued risk of recurrence of heart failure during subsequent pregnancy in some patients with peripartum cardiomyopathy and apparent complete recovery of left ventricular function (58).
CARDIAC IMAGING IN EXPERIMENTAL MODELS OF MYOCARDITIS
Animal models of infectious myocarditis have been developed in order to elucidate the pathophysiologic mechanisms involved in disease onset and progression. More recently, transgenic overexpressor and null mice have been created, and infected with various agents, in an effort to further explore the molecular basis of infectious myocarditis, thus targeting the role of a specific gene and/or gene product in the disease process. Initial attempts at understanding the hemodynamic and physiologic alterations in cardiovascular function depended on invasive, catheter-based approaches. Such studies have the advantage of providing detailed, reliable physiologic data, including measurements of intracardiac pressures, cardiac output and other measures of myocardial contraction, relaxation and overall performance, under controlled conditions (59) . Catheter-based studies are, however, limited by the fact that the invasive and traumatic nature of the study precludes serial examinations. Other techniques such as radiolabelled microsphere and indicator dilution are technically demanding and provide limited and indirect data (60) . Cardiac noninvasive assessment, using echocardiography and magnetic resonance imaging, however, can be performed repetitively with minimal, if any, trauma to the animal. These noninvasive evaluations have now become an integral part of studies seeking to determine the compensatory physiologic cardiovascular responses to myocardial infection in small animals (61).
Echocardiography
Transthoracic echocardiography has been used in several animal models of infectious myocarditis including those caused by coxsackie B virus, adenovirus, coronavirus, cytomegalovirus, and Trypanosoma cruzi (62) (63) (64) (65) . Animals studied have included dogs, pigs, and monkeys (64) (65) (66) (67) . These studies have proved useful for evaluation of the type, extent and time course of development of cardiac anatomic abnormalities within the natural course of infectious myocarditis and have helped elucidate the mechanisms underlying the cardiac involvement in this disease. With the advent of high frequency, small footprint transducers, it has become feasible to perform echocardiographic studies of smaller animals (68, 69) . Left and right ventricular and atrial alterations have been quantified and compared over time and the resultant cardiomyopathy has been characterized in regards to cardiac structure and function by serial comparisons between non-transgenic infected and uninfected (control) littermates. Comparison of infected transgenic and nontransgenic siblings has made possible the assessment of the relative contribution of a specific molecular derangement to the development of cardiomyopathy. Response to treatment has similarly been evaluated.
Transthoracic echocardiography in small animals is generally performed with the animal in a supine position on a heating pad set at 38 o C (69). Anesthesia is achieved either by inhalation (e.g. Isoflurane), or by intraperitoneal injection (e.g. chloral hydrate) (69) . M-mode and twodimensional studies are performed using high frequency transducers with high resolution. Using the high temporal resolution of M-mode echocardiography, left ventricular size and systolic function can be accurately assessed despite the rapid heart rate of the small animal. Left ventricular measurements include the end-diastolic and end-systolic diameters, as well as the thickness of the ventricular septum and posterior wall. Additionally, the right ventricular size can be assessed on two-dimensional views of the heart. Left ventricular diastolic function has been assessed by the use of spectral and color-M-mode Doppler in genetically altered mice (70) . Several studies have used the information obtained by transthoracic echocardiography to assess the relative contributions of a wide range of factors such as cytokines, inducible nitric oxide and endothelin to the development of specific etiologies of infectious myocarditis (71, 72) . Other studies have evaluated the effects of various treatment modalities on the time course of the development and progression of myocarditis (73, 74) .
Echocardiographic assessment of cardiac physiology offers several advantages over invasive techniques. First, it may be performed quickly, at low cost, and serially in the same animal. Second, invasive procedures require the administration of anesthetic agents. None of the currently available anesthetic agents are without significant cardiac effects in small animals such as mice, resulting in an abnormal baseline physiologic assessment. For example, the normal resting heart rate of a mouse ranges between 500-650 beats per minute. However the typical heart rates utilized during invasive hemodynamic studies range from 250-400 beats per minute. Left ventricular ejection fraction is also reduced under these conditions. Echocardiography has been successfully performed in non-anesthetized trained animals, lightly sedated animals, and awakened mice after recovery from light anesthesia, all at normal resting heart rates (69, 73, 75) . Preliminary results have been encouraging for the use of contrast (76, 77) and transesophageal (78, 79) echocardiography for the assessment of myocardial perfusion and right ventricular function in small animals.
There is an inherent limitation to any methodology used for the in vivo assessment of cardiac physiology. All currently known indexes of in vivo cardiac systolic and diastolic function are load-dependant to various degrees. Currently, echocardiographic methods are not available to directly assess loading conditions. Similarly, cardiac myocyte contractility and diastolic function cannot be directly assessed. These factors may result in differences in serial measurements on the basis of altered loading conditions rather than a true physiologic change in cardiac performance.
Trypanosoma cruzi infection in murine models
The evaluation of the consequences of Trypanosoma cruzi infection in mice has been the focus of attention for many decades. The ultimate fate of this infection in the mouse is dependent on the strain of mouse as well as the strain of the parasite (80) . For example, infection with the cardiomyopathic strain of Trypanosoma cruzi (Brazil strain) results in a 60-70% mortality in CD1 (outbred) mice by days 35-40 post infection (81) . Intense inflammation, myonecrosis, myocytolysis, vasculitis and numerous parasite pseudocysts characterize acute chagasic myocarditis. Chronic inflammation and fibrosis characterize chronic murine chagasic cardiomyopathy, which evolves over a period of approximately 3 months. C57BL/6 mice similarly infected with the Brazil strain do not die acutely but rather develop a chronic cardiomyopathy by 3-6 months post-infection (82) . Among the first abnormalities evident by echocardiography, at approximately 3 months post-infection, is dilation of the right ventricle (83) . Thereafter, progressive right and left ventricular dilation, wall thinning and systolic dysfunction, as determined by ejection fraction measurements, are all prominent features in the subsequent 3 months postinfection (74) ( Figure 5 ). In contrast, C57BL/6 mice infected with the reticulotropic Tulahuen strain die rapidly by 18-25 days post-infection with a significant parasitemia and a fulminate myocarditis characterized by the rapid development of right and left ventricular abnormalities as early as 10 days post-infection (69) . Chagasic heart disease is also accompanied by vasculopathy (69, 82) manifested by microvascular spasm and decreased blood flow (82) .
Myocardial injury resulting from Trypanosoma cruzi infection activates several signaling pathways including those involved in NF-κB, vascular adhesion molecules, TGF-β, endothelin, kinins (71, 82, 84, 85) and the mitogen activated protein kinases (86) . The induction of inflammatory mediators such as inducible nitric oxide synthase may have both beneficial and deleterious effects. For example, nitric oxide generated from inducible nitric oxide synthase is required for parasite killing but can also contribute to depression of left ventricular function. Thus, Brazil strain infected inducible nitric oxide synthase null mice demonstrate less ventricular dilation and systolic dysfunction compared to infected wild type mice (83, 87) .
Future direction
Advances in transducer design and increasing processing speed will improve the quantitative echocardiographic assessment of cardiac physiology in very small animals. Doppler cardiographic estimation of stroke volume through assessment of aortic or pulmonic waveforms is feasible and may prove useful ( Figure 6 ). Improved processing speed may also make color Doppler assessment of valvular lesions possible in these small animals with fast heart rates (61).
Magnetic Resonance Imaging
The application of magnetic resonance imaging to the study of small animal models of cardiac disease, while challenging, has yielded promising results (72, 74, and 87-108) . This noninvasive study provides accurate, serial, threedimensional images of the heart and has been used in the evaluation of several murine models of inflammatory and infectious myocarditides including acute and chronic Trypanosoma cruzi infection (71, 72, 74, 82, 87, 88) and other studies related to the inflammatory response in mice overexpressing tumor necrosis factor (89-91).
Trypanosoma cruzi infection
Magnetic resonance imaging studies of experimental Chagas' disease have included the evaluation of acute and chronic infections and assessment of pharmacologic interventions in wild type, transgenic and null mice (Figure 7 ).
Early studies of Trypanosoma cruzi-infected C57/BL/6 X 129sv (wild type) mice revealed enlargement of the right ventricle (71, 87) . Thus, infected wild type mice exhibit almost doubling of the internal diameter of the right ventricle. This early cardiac effect of infection with Trypanosoma cruzi was ameliorated in inducible nitric oxide synthase null mice (71) . Therefore, inducible nitric oxide synthase null mice exhibited significantly less right ventricular dilation (1.4 fold). The findings support the hypothesis that nitric oxide derived from inducible nitric oxide synthase, released during acute infection, is involved in the cardiac remodeling in chronic experimental Chagas' disease.
Verapamil, a calcium channel blocker that has no direct effect on the parasite, also reduces the degree of right ventricular dilation (71, 73) . Verapamil ameliorates the infection-associated inflammatory response and reduces the expression of cytokines. This may be responsible for the amelioration of cardiac pathology in chronically infected mice by verapamil.
Endothelin-1 is also upregulated during acute infection with Trypanosoma cruzi. Endothelin-1 has numerous physiological effects (72, 82) and is a proinflammatory molecule. Endothelin-1 null mice do not survive; however, mice in whom the gene for endothelin-1 is selectively deleted cardiac myocytes are viable. Magnetic resonance imaging studies of these mice infected with Trypanosoma cruzi demonstrate amelioration of the right ventricular remodeling observed in other mouse strains. This finding suggests that endothelin-1 is another important factor in the pathogenesis of chagasic heart disease. Further evidence for the role for endothelin-1 comes from studies using phosphoramidon (74, 88) . Phosphoramidon is a type II integral membrane bound metalloproteinase and is a dual inhibitor of endothelin converting enzyme (required for processing active endothelin-1) and neutral endopeptidase. Phosphoramidon treatment of infected mice resulted in significantly reduced right ventricular remodeling, pathology, and mortality. In fact, phosphoramidon treated infected mice did not die acutely, whereas untreated infected mice had a mortality of up to 70% during the acute stage of infection.
Gamma interferon is a cytokine involved in natural resistance against parasitic infections through the induction of guanidine triphosphatases (e.g. IGTP) (101) . Recent magnetic resonance imaging studies of mice deficient in IGTP suggests that it also play a role in right ventricular remodeling during Trypanosoma cruzi infection.
Tumor necrosis factor
Over the past several years, studies of mice overexpressing the cytokine tumor necrosis factor-a have been reported (89) (90) (91) . Tumor necrosis factor-a expression is increased in heart failure, various infections and in the sepsis syndrome. Mice over-expressing tumor necrosis factor-a in the heart at various levels have been examined by magnetic resonance imaging. Tumor necrosis factor-a over-expressor mice exhibit increased heart/body weight and myocarditis. Magnetic resonance imaging of these mice revealed dilation of both ventricles and reduced ejection fraction. The cardiac pathology worsens with age and with increased levels of tumor necrosis factor-a expression. The results provide evidence that cardiac inflammation can evolve to a dilated cardiomyopathy, with tumor necrosis factor-a being an important mediator of both processes.
Future direction
To date, most cardiac magnetic resonance imaging studies of the small animals have focused on the morphology, particularly that of the left ventricle. With recent advances in technology and analysis tools these studies can now be expanded to application involving evaluation of bioenergetics, regional wall motion and wall thickening, as well as the right ventricular function.
Myocardial high-energy phosphates (adenosine triphosphate and phosphocreatine) can be non-invasively quantified by 31 P magnetic resonance spectroscopy in conjunction with magnetic resonance imaging used to guide the spectroscopic studies. Cardiac phosphocreatine to adenosine triphosphate ratio is altered during chronic heart failure. Rats infected with Trypanosoma cruzi exhibit energy impairment at the mitochondrial level (102). It is likely that a similar impairment of cardiac bioenergetics exists in infected mice and humans. Using a 31 P surface coil and 1 H imaging body coil both morphological and biochemical information can be acquired during the same imaging experiment. The noninvasive nature of these methods makes them attractive tools for serial evaluation of cardiac structure and function and for evaluation of therapeutic interventions. Although very few in vivo 31 P magnetic resonance spectroscopic studies of mice have been reported the technique has been elegantly applied in recent studies (103, 104) .
Evaluation of wall motion and wall thickening is another area for future studies (98, 105, 106) . Methods include myocardial tagging (105) and development of image analysis tools. Tagging studies in normal mice have demonstrated that left ventricular torsion in mice is similar to that of the human (105) . Challenges with this method include those that apply to routine imaging such as small heart size and rapid heart rate of the small animal, and other factors such as the requirement for advanced image analysis and specific pulse sequences. This area of research may be especially useful for the complete characterization of murine cardiovascular performance. Simpler methods for analysis of wall motion and thickening using centerline analysis may prove more readily accessible and easier to implement since routine images acquired with simpler sequences such as FLASH and spin-echo, can be analyzed. Issues with these methods involve automation of border detection and segmentation to reduce the time required for analysis.
Detailed evaluation of right ventricular wall thickness and function has been more challenging than the study of the left ventricle in mice. The right ventricular wall is much thinner (~ 0.5 mm) than that of the left ventricle (~ 1.0 mm) and is likely to be at the limits of the resolution of most routine in vivo magnetic resonance images. Recently, Wiesmann et al. (107) reported a study of right ventricular function in mice using magnetic resonance imaging. Murine right ventricular end-diastolic and end-systolic volumes were significantly increased compared with left ventricular volumes. In a preliminary report, right ventricular wall thickening has been evaluated using a centerline approach (108) similar to that described for the evaluation of the left ventricular wall thickening (98).
CONCLUSIONS
Noninvasive cardiac imaging in clinical and experimental myocarditis has evolved rapidly over the last two decades. It has allowed serial assessment of cardiovascular structure and function without the general disadvantages of invasive studies. The most important clinical contribution of noninvasive cardiac imaging may be in making the diagnosis of the disease without a need for endomyocardial biopsy and in predicting the outcome of the disease. Experimentally, cardiac imaging has provided complementary data to invasive and histomorphologic, biochemical and molecular studies. Noninvasive cardiac imaging has been instrumental in the assessment of the natural history of experimental myocarditis. Further technical developments in cardiac imaging will allow more detailed evaluation of acute myocarditis in humans and in animals.
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